Testicular germ cell tumours (TGCT) are the most common malignancy in young men. Histologically there are 2 main entities. These are the seminomas (SE) and the nonseminomas (NS). SE resemble primitive germ cells while NS show cellular differentiation features of embryonic and/or extra embryonic tissues. Some cases known as combined tumours show features of both SE and NS with the components either mixed or separated (Mostofi and Sobin, 1977) .
The cellular origin of TGCT has been postulated variously to be either primordial/dysplastic germ cells or meiotic spermatocytes (Shakkebaek et al, 1987; de Jong et al, 1990; Chaganti and Houldsworth, 1998; Chaganti and Houldsworth, 2000) . However, it is now generally accepted that carcinoma in situ (CIS), which are also known as intratubular germ cell neoplasia, are the precursor lesions for TGCT (Skakkebaeket et al, 1987) . The CIS consist of cells with a uniform appearance similar to those which make up SE. All cases of TGCT have been shown to have gain of 12p material, most usually in the form of an i(12p) chromosome. In some cases the 12p11.2-12.1 subregion is involved in an amplification event (Suijkerbuijk et al, 1994; Mostert et al, 1996; Rao et al, 1998; Summersgill et al, 1998b) . Karyotype and recent M-FISH analysis of cells derived from invasive GCT suggest that specific rearrangements probably do not involve breakpoints of significance and are likely to contribute to the tumour phenotype through resulting chromosome imbalances (van Echten et al, 1995; Summersgill et al 1998) . Chromosomal and allelic imbalances are frequently found involving gain of material from chromosomes 7, 8, 12p, 21 and X and loss from chromosomes 4, 5, 11, 12q, 13, 18 and Y (de Jong et al, 1990; van Echten et al 1995; Sandberg et al, 1996 ; http://cgap.nci.nih.gov/ Chromosomes/ Mitelman).
Cytogenetic and molecular studies of SE and NS have shown considerable similarities in the abnormalities found suggesting a close developmental relationship between the groups Sandberg et al, 1996) . 2 main pathways have been proposed to account for the origin of TGCT. SE and NS may arise through divergence at an early stage or according to a linear progression model where they both arise from a common CIS involving NS passing through a seminomatous stage (Mostofi, 1986; Oosterhuis et al, 1989; Sandberg et al, 1996; Changanti and Houldsworth, 2000) . Genetic analysis of CIS and invasive testicular cancers has provided some insights. Despite the technical difficulties some limited cytogenetic data is available for CIS. The i(12p) has been identified in 2 out of 5 cases which have been karyotyped although in the other 3 cases rearrangements involving 12p and a number of unidentifiable chromosomes were found which could have resulted in additional 12p material van Echten et al, 1995) . A near tetraploid chromosome constitution is found in CIS associated with either SE and NS Dieckmann and Skakkebaek, 1999) and through restriction fragment length polymorphism analysis of 12q markers, formation of the i(12p) is suggested to occur after tetraploidisation (Geurts van Kessel et al, 1989 showed gain of 12p in one case . Interphase study of nuclei from semen samples from 10 patients with CIS have suggested that the i(12p) may be present in a few cases although further studies were recommended to clarify this point (Meng et al, 1998) . The fact that the i(12p) appears to be present in some CIS has been interpreted to suggest that it may be associated with the genesis of these tumours (Changanti and Houldsworth, 2000) . Interphase FISH analysis using centromere probes for chromosomes 1, 12 and 15 has suggested genetic imbalances of these in CIS and the possibility that the chromosomal constitution of CIS associated with SE (CIS-SE) and NS (CIS-NS) are different (Looijenga et al, 1993) . Recent loss of heterozygosity analysis for selected loci indicated common regions of loss in CIS and invasive SE and NS (Faulkner et al, 2000) . Here we have sought to identify the chromosomal imbalances found in CIS and associated SE and NS using microdissection, universal DNA amplification and CGH analysis and interphase FISH analysis for 12p. This would address the issue of whether the CIS carry changes typical of their invasive counterparts.
MATERIALS AND METHODS

Tumour samples and microdissection
Clinical and histological data on the TGCT cases and CIS, SE and NS studied are summarized in Table 1 . Lesions were classified according to Mostofi and Sobin (1977) . Regions for microdissection were identified using 4 µm formalin-fixed paraffin-embedded sections stained with haemotoxylin and eosin (H&E) and mounted. Manual microdissection using drawn out glass rods was carried out on unmounted parallel 4 µm sections stained with H&E as previously described (Lu et al, 1998) . A few regions of CIS were microdissected and pooled and single regions of SE or NS adjacent to these on the same section were collected. Frozen material from cases 19, 33, 32 and 46 have been previously analysed by CGH (Summersgill et al, 1998a (Summersgill et al, , 1998b .
CGH and digital image analysis
DNA was crudely extracted by boiling dewaxed, microdissected paraffin material and then subjected to PCR using degenerate oligonucleotide primers (DOP-PCR) (Telenius et al, 1992) . Additional cycles of amplification were required in some cases to obtain visible amounts of DNA as assessed on an agarose gel. Direct labelling with Fluorescein-12-dUTP or Rhodamine-12-dUTP (FlouroGreen, FlouroRed, Amersham International plc, Amersham, UK) was carried out by incorporation during further rounds of DOP-PCR. For all CGH preparations, 250-500 ng of differentially labelled test and sex-matched control DNA from formalin-fixed, paraffin-embedded samples which had also been subjected to DOP-PCR, plus 15-25 µg of CotI DNA (BRL Gibco) were co-hybridized to normal denatured metaphases for 48 hours at 37˚C before washing and mounting in antifade with 0.1 µg ml -1 4, 6-diamidino-2-phenylindole (DAPI) as a counterstain. Images were captured using a cooled CCD camera (Photometrics) with software from Vysis, UK. CGH analysis was carried out as previously described using the same software package and independantly checked (Lu et al, 1998; Summersgill et al, 1998a Summersgill et al, , 1998b . At least 5 representative images were fully analysed and the results from these were studied separately and also combined to produce an average fluorescence ratio for each chromosome. The average normal ratio levels and their standard deviation were determined in CGH experiments using differentially labelled control DNA from paraffin-embedded material processed in the same way as the test samples and which had been subjected to DOP-PCR. A copy number change was indicated when the average fluorescence ratio corresponding to a sample lay outside the normal standard deviation. The average fluorescence ratios in control experiments plus and minus their standard deviation were found to be within the range 0.85-1.15. A copy number change was scored when the average fluorescence ratio was outside these limits and a ratio greater than 1.5 was scored as a higher level of gain or amplification.
Interphase FISH analysis
A probe for the 12 centromere and a YAC mapping to the minimal overlapping region of amplification (753f12, Whithead Institute http://www.genome.wi.mit.edu and supplied by UK MRC HGMP Resource Center) were used to identify the i(12p) and gain or amplification of 12p material. These probes were directly but differentially labelled, mixed and hybridized to standard 5 µm sections, using a microwave oven for denaturation, as previously described (Lu et al, 1999) . The slides were then washed and mounted in antifade (Citifluor) with 0.1 µg ml -1 DAPI. Parallel slides stained with H&E were used to help correlate the hybridization signals with cellular morphology. To locate CIS a digital vernier reading for the stage position was used relative to a feature recognisable using fluorescence microscopy. Images were collected using a Zeiss Axioplan microscope with appropriate filters, coupled to a cooled CCD camera (Photometrics, Tucson, AZ) and software from Vysis (UK Ltd). Several images from the same area but in different focal planes were taken in order to identify all the signals in the sections.
RESULTS
Examples of CGH profiles for chromosome 12 are shown in Figure 1 for CIS and invasive components. The latter were determined to have either gain of 12p, (cases 2, 19, 33, 32 and 46) or amplification of the 12p11.2-12.1 region (cases 4 and 38). The results were consistent with interphase FISH analysis using the chromosome 12 markers described assuming the near tetraploid composition reported for CIS Dieckmann and Skakkebaek, 1999) . Examples of interphase FISH for CIS and the corresponding invasive tumour are also shown in Figure 1 . Figure 1B shows the typical configuration of interphase signals expected for the presence of an i(12p) chromosome with the signal from the 12p YAC found either side of the centromere. None of the CIS were found to have detectable gain or amplification of 12p material by CGH analysis. However, some of the chromosome 12 CGH profiles for the CIS of case 38 indicated gain of the 12p13 region although this was not significant in the averaged profile ( Figure 1C) . The interphase FISH analysis for CIS produced reliable signals in between 5 and 15 cells and was not consistent with the presence of the i(12p) or amplification although cells were interpreted as having 2 and 3 copies of chromosome 12 in the presumed near tetraploid background (Figure 1 ). This was in contrast to the results of the associated SE and NS which all showed 12p gain in the form of an i(12p) or amplification of 12p material by both techniques. Other imbalances were identified by CGH analysis in CIS, SE and NS. These results are summarized in Figure 2 . The results from the microdissected invasive disease for cases 19, 33, 32 and 46 were similar to those from previous CGH analysis of snap-frozen samples from these patients (Summersgill et al, 1998a,b) .
DISCUSSION
CIS is generally considered the precursor lesion of TGCT (Dieckmann and Skakkebaek, 1999) . This study has defined the chromosomal imbalances associated with CIS and the associated invasive disease in 7 cases. 5 samples of invasive disease were of seminomatous histology and 2 samples were described as nonseminomas with features of embryonal carcinoma. All the invasive components showed gain of material derived from 12p. In 5 cases this was consistent with gain of the whole arm but in one SE and one NS amplification of the 12p11.2-12.1 region was identified. Significantly, the CGH analysis of the CIS did not detect gain of 12p material nor amplification of the 12p11.2-12.1 region in any of the cases. However, other imbalances were identified in the CIS some of which were in common with the associated invasive component.
Gain of 12p material in the SE and NS studied is consistent with previous karyotype and CGH analyses of tumour samples which have shown that this is most usually associated with an i(12p) (van Echten et al, 1995; Korn et al, 1996; Mostert et al, 1996; Summersgill et al, 1998a ; http://cgap.nci.nih.gov/ Chromosomes/Mitelman). Previous analyses have also shown that some cases are associated with amplification of a specific subregion at 12p11.2-12.1 (Suijkerbuijk et al, 1994; Mostert et al, 1996; Rao et al, 1998; Summersgill et al, 1998b) . The absence of detectable 12p gain in the CIS cannot exclude the possibility that a small proportion of the cells within the tubules have an i(12p). The CGH analysis averages the imbalances present in the microdissected sample and the interphase FISH analysis could miss a few cells carrying this change. However, other imbalances in common with the invasive components were identified suggesting that the CGH approach would have detected 12p gain if it was present in most cells. Also, previous CGH analysis of frozen material (Summersgill et al, 1998a,b) and the analysis here of microdissected formalin-fixed paraffin-embedded material equivalent in size to CIS from cases 19, 33, 32 and 46 produced similar results and was consistent with our previous investigations validating this type of approach (Lu et al, 1998; Summersgill et al, 1998b) .
The amplification events in 2 cases of TGCT were confirmed by interphase FISH analysis using a marker from the common overlapping region of amplification ( Figure 1B) (Mostert et al, 1998; Roelofs et al, 2000; Goker and Shipley, unpublished data) . Amplification was not detected by interphase FISH analysis in the corresponding CIS. This is consistent with recent interphase FISH analysis of 4 cases showing amplification in the invasive and microinvasive components but not in the CIS . Our data are consistent with relative gain or amplification of material from 12p being associated with progression of CIS to invasive testicular cancer or progression of the invasive disease.
In contrast to our data showing the absence of additional 12p material in CIS previous data have suggested that some CIS show i(12p) while others did not. Despite the technical difficulties some limited cytogenetic data are available for CIS. Whilst this has the advantage of analysing single cells, these dividing cells may not be representative of most cells in the lesion. One study showed that 1 out of 3 cases had 2 copies of i(12p) although other rearrangements involving 12p were identified as well as a number of unidentifiable chromosomes which could have resulted in additional 12p material . A second cytogenetic study showed i(12p) in both the CIS and corresponding invasive components and a second case in which it was not clear whether an i(12p) chromosome was present or not (van Echten et al, 1995) . More recently, CGH analysis of material from 2 cases with CIS and associated SE or NS showed gain of 12p in both components of one case . Analysis of semen has suggested that some cases with CIS may have cells with i(12p) (Meng et al, 1998) . A recent study presented 12p data only from CGH and interphase FISH analysis of various histological elements from 11 cases . Gain of 12p material was not found in any CIS component. Taken together the available data indicate that gain of 12p material may arise as a late event in CIS and is associated with invasive disease.
The CGH analysis of CIS from case 38 presented here showed gain of the 12p13 region in some of the individual profiles although the avaerage profile did not indicate gain of 12p (Figure 1) . In similar analysis of 2 cases, the noninvasive element of a NS showed a trend towards gain of the 12p13 region . The CCND2 gene at 12p13 which is involved in regulating the G1-S cell cycle checkpoint has been suggested as a candidate for involvement in TGCT and has been shown to be expressed in CIS (Houldsworth et al, 1997) . Analysis of primary TGCT and cell lines have also suggested that the 12p13 region may be important (Henegariu et al, 1998) . Further analysis of CIS and other genes in this and other regions of 12p, particularly including the 12p11.2-p112.1 region amplified, is warranted.
Although 12p gain was not identified in the CIS studied here, other imbalances were frequently found, such as gain of material from chromosomes 1, 5, 7, 8, 12p and X and loss of material from chromosomes 18 (> 40% of cases) (Figure 2 ). These changes were found in the CIS associated with both SE and NS (CIS-SE and CIS-NS) supporting a common pathway of development. Similar changes were also found in the invasive components themselves and have been frequently found in previous studies of SE and NS (van Echten et al, 1995; Korn et al, 1996; Mostert et al, 1996; Summersgill et al, 1998a ; http://cgap. nci.nih.gov/Chromosomes/Mitelman). Loss of chromosome 4 was identified in 4 of the invasive TGCT and has been previously noted. However, this change was not seen in the corresponding CIS suggesting its association with invasive disease (Figure 2 ). Gain of 2p material was detected in 5 of the invasive TGCT but only in 2 CIS. Conversely, loss of material from chromosome 16 was more frequently found in the CIS. A similar situation has been shown in lobular carcinoma in situ of the breast involving chromosome 16 in which we suggest that loss has selective advantage for proliferation of cells within the ducts of the breast (Lu et al, 1998) . A similar proliferative advantage relating to genes lost from chromosome 16 may operate within the seminiferous tubules that is no longer selected for in the invasive disease. Chromosome 16 loss is more frequently found in SE than NS and may be associated with the more seminomatous morphology which is associated with CIS. It has been postulated that all NS go through a seminomatous stage and the loss of 16 material in the CIS may reflect this .
Other chromosomal imbalances which are different between SE and NS have been previously noted (van Echten et al, 1995; Korn et al, 1996; Mostert et al, 1996; Summersgill et al, 1998a ; http://cgap.nci.nih.gov/Chromosomes/Mitelman). These include an association of gain of 6q material and loss of 15 and 22 material with NS. One case of CIS-NS studied showed gain of 6q and this plus another case showed loss of 22. The latter case showing loss of chromosome 22 also had loss of chromosome 15 material in both components which is more typical of NS. These data suggest that the CIS associated with NS may already be committed to a nonseminomatous path of development. Previous interphase FISH analysis was also suggestive of this conclusion (Looijenga et al, 1993) . However, more extensive investigations are required to identify the key determinants of NS and SE development.
